Photoproduction of the cascade resonances has been investigated in the reactions γp → K + K + (X) and 
I. INTRODUCTION
Hadron spectroscopy is an essential experimental means of accessing fundamental parameters of QCD such as quark masses. The average of the baryon ground-state isospin multiplet (N, , , , c , c ) mass differences yields a value of m d − m u = +(2.8 ± 0.3) MeV/c 2 [1] , with the ground-state doublet being the most intriguing.
The current global measurement of the mass difference between the 0 (uss) and − (dss) is 6.48 ± 0.24 MeV/c 2 according to the PDG [2] , considerably larger than that of the other multiplets. A calculation on the QCD lattice [3] gives a result of 5.68 ± 0.24 MeV/c 2 , whereas a calculation based on radiative corrections to the quark model [4] gives 6.10 MeV/c 2 . Experimentally, however, only one measurement of the 0 mass has more than 50 events [5] . Compared with nonstrange baryons and S = −1 hyperon states, the resonances are generally underexplored. Only two ground-state cascades, the octet member and the decuplet member (1530), have four-star status in the PDG [2] , with four other three-star candidates. The lack of data is mainly due * In general, the production mechanisms of the cascade resonances remain unclear. Kaon and hyperon beam experiments conducted to investigate cascade spectroscopy suffer from either low intensity or high combinatorial background. Results from earlier kaon beam experiments indicate that it is possible to produce the ground state through the decay of high-mass Y * states [6] [7] [8] [9] . It is therefore possible to produce cascade resonances through t-channel photoproduction of hyperon resonances as indicated in Fig. 1 .
By using tagged photons incident on a proton target, it has been demonstrated that cascade production can be investigated through exclusive reactions, such as γp → K + K + (X) [10] in CLAS. Prior to this publication, only two groups have reported measurements of cascade photoproduction, both in the inclusive reaction γp → − X by reconstructing the − from the decay
The CERN SPS experiment with the Omega spectrometer [11] measured a cross section of 28 ± 9 nb for the kinematical range x F (= 2p * / √ s) > −0.3, using a tagged photon beam in the energy range 20-70 GeV. However, the SLAC 1-m hydrogen bubble chamber experiment [12] using a 20-GeV photon beam reported a much higher cross section of 94 ± 13 nb in the same x F range, with a total cross section of 117 ± 17 nb.
The SLAC results showed that the x F distribution of the − events peaks around − 1 3 , consistent with a quark-diquark fusion production mechanism [13] , in which the cascade has 025208-2 In this paper, the mass difference of the doublet and the cross sections of the − and − (1530) are reported and compared with the results of Ref. [14] . The possibility of producing other excited cascade states in photon-proton reactions is also discussed.
II. EXPERIMENT
A new large-statistics data set, with an integrated luminosity of 70 pb −1 , was collected at CLAS [15] from May to July 2004 by using a tagged photon beam [16] incident on a proton target. This data set is mostly in the energy range of 1.6-3.85 GeV with a primary electron beam energy (E 0 ) of 4 GeV. About 5% of the data were collected with E 0 = 5 GeV. The target consists of a 40-cm-long cylindrical cell containing liquid hydrogen. Momentum information for charged particles was obtained via tracking through three regions of multiwire drift chambers [17] inside a toroidal magnetic field (∼0.5 T), generated by six superconducting coils. Time-of-flight (TOF) scintillators were used for charged hadron identification [18] . The interaction time between the incoming photon and the target was measured by the start counter [19] , consisting of 24 strips of 2.2-mm-thick plastic scintillators surrounding the target cell. Coincidences between the photon tagger and two charged particles in the CLAS detector triggered the events.
Cascade states can be identified via missing mass, through the reaction γp → K + K + (X), or via the decay γp → K + K + (X), the double strangeness is tagged by the two positive kaons detected by CLAS, and the cascade resonances are observed in the K + K + missing-mass spectrum (Fig. 2) . Without the more stringent particle identification criteria that were applied in Fig. 2 (i.e, the kaon vertex time determined by the TOF is within 1 ns of the photon time given by the RF), more than 12,000 − s were observed [20] . After the tighter detector timing cut was applied, about 7700 − events are identified for the photon energy range of 2.6-4.75 GeV. There is no − signal for E γ < 2.6 GeV, most likely because of low acceptance.
The − (1530) is clearly present in the spectrum, with about 700 events (Fig. 2) . Events with an additional K − detected are used as an empirical background, since the background is dominated by reactions such as γp 
The − mass is determined to be 1322.3 ± 0.1 ± 1.2 MeV/c 2 , slightly higher than the PDG [2] value but within errors. The systematic uncertainty is derived from studying the variation of the fitted mass centroid as a function of E γ . The − width is 6.7 ± 0.1 MeV/c 2 , which is consistent with the missing-mass resolution of CLAS as expected from simulation. It is mostly dependent on the resolution of the photon energy measurement, which is typically around 0.1% of the incident photon energy [21] . ] results (including both statistical and systematic uncertainties) from the current work compared with model predictions from Ref. [14] . The solid curves correspond to the predictions with the pv-coupling choice, the dashed curves correspond to the ps-coupling choice, and the dot-dashed curves include an additional 
III. − CROSS-SECTION RESULTS
The observed − events in this work represent the highest statistics seen in exclusive photoproduction to date. It is possible to probe the production mechanism through various differential cross sections, such as dσ/dM(K Although the quark-diquark fusion mechanism was used to explain earlier − inclusive photoproduction data, hadronic degrees of freedom are of more relevance at the energy range of this experiment. Partly owing to the lack of data, there have been no theoretical predictions of the cascade production in exclusive photon-nucleon reactions until the production model developed by Nakayama et al. [14] for In their model, the ps-choice and pv-choice denote the extreme cases for the pseudoscalar-pseudovector (ps-pv) mixing parameter λ (i.e., λ = 0 for the pv-coupling choice and λ = 1 for the ps-coupling choice). Although Ref. [14] includes predictions using many variations of the parameters, the best agreement with our data requires t-channel processes involving at least one J = 3 2 hyperon. Therefore, the more interesting differential cross sections would be dσ/dM(K + − ). Since there are two K + in the final state, both particles are included in the differential cross section extractions (Fig. 3) . The model of Ref. [14] includes the (1800) (Fig. 3, dotdashed curves) .
As for the hyperon states at lower masses, the data do not appear to support significant contributions from the (1800) and the (1890), since the K + − invariant mass spectra ( Fig. 3 ) peak significantly higher, at positions shifting according to the the photon energies. Whether these enhancements [14] . The solid curves correspond to the predictions with the pv-coupling choice; the dashed curves correspond to the ps-coupling choice.
are due to hyperon states that decay to K + − or simply to larger phase space could not be sufficiently determined by the current analysis. Further work by Mokeev et al. on the development of the JLAB-MSU phenomenological approach [22] for exclusive reactions with three final state particles to incorporate the K + K + − channel is in progress, and their results may help to better determine the − photoproduction mechanism in the future.
Since no S = +2 meson system is believed to contribute to the reaction γp → K + K + − , the K + K + invariant mass spectrum is expected to be featureless, as is supported by both the data and the model of Nakayama et al. [14] (Fig. 4) .
The angular distributions of the − and K + in the photonproton center-of-mass (c.m.) frame are also studied (Figs. 5 and 6). In Fig. 5 , the − angular distributions in the c.m. frame appear to be peaking backward for most of the energy bins, qualitatively agreeing with the predictions of Ref. [14] , which seems to overestimate the contributions from radiative transitional processes that tend to create forward-peaking features. As for the K + c.m. angular distributions (Fig. 6) , the data exhibit a somewhat forward-peaking feature although it decreases in the most forward region. These angular distributions are consistent with the predictions that photoproduction is dominated by t-channel hyperon processes.
The statistical uncertainties of the differential cross section results are around 15%. Systematic uncertainties from the detector uncertainties, fiducial cuts, and flux normalization factors amount to around 10%. Systematic uncertainties from model dependence of the acceptance is extracted for each kinematic bin by comparing the values obtained using a range of simulation parameters. Such uncertainties are typically less than 5%, but they may be as high as 10% for particular angular ranges such as the most forward or most backward regions of the detectors.
After the differential cross sections for the − were obtained, the total cross sections (Fig. 7) were determined as a function of E γ by integrating the differential cross sections. An additional systematic uncertainty, around 10%, as a result of the integration is extracted by comparing the results of integrating the four different sets of differential cross sections. The − total cross section is determined to be around 2 nb at E γ = 2.8 GeV and rises to about 11 nb at 3.8 GeV. The rising cross section with E γ is consistent with our conjecture for the simulation since higher photon energies simply provide more phase space, making it possible to produce other hyperon states that may decay to K + − . For E γ > 3.85 GeV, the statistics are limited and it is not feasible to fine-tune the simulation model to match the data in terms of various differential cross sections. Instead, the production of − is assumed to be of the same origin as that at E γ = 3.8 GeV. The total-cross-section results are then extracted in six energy bins for the E γ = 3.85-4.75 GeV region. Larger systematic uncertainties, estimated to be around 20%, are included for the total-cross-section results above 3.85 GeV. Within uncertainties, the results are consistent with the continuation of the rise of σ (E γ ), which is slightly different from the flattening behavior predicted in Ref. [14] . However, it should be pointed out that Ref. [14] used earlier preliminary results reported in Ref. [20] , and it is likely the agreement between our data and the model could become significantly better.
It should be mentioned that the current results are higher than that reported earlier by CLAS (3.5 ± 1.1 nb for E γ = 3.0-3.9 GeV, [10] ), which were obtained from data with much lower statistics. The difference at the same energy range is 3.5 ± 1.6 nb, about two standard deviations from zero. This difference is mainly due to the different model for the CLAS acceptance and underestimated systematics of the previous measurement.
IV. − (1530) RESULTS
The 700 events in the MM(K + K + ) spectrum (Fig. 2 ) represent the highest statistics collected in exclusive photoproduction of the (1530) to date. The − (1530) mass is found to be 1537.8 ± 0.9 ± 2.4 MeV/c 2 , and the width is 15.0 ± 5.0 MeV/c 2 , both consistent with the previous measurements [2] . In the energy range of 3. 
GeV/c
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−2 ] production that decays to − (1530)K + . The systematic uncertainty resulting from the model dependence of the CLAS acceptance is estimated to be around 20%. The total cross section is then obtained by summing the differential cross section results and is 1.76 ± 0.24 ± 0.13 nb for E γ = 3.35-4.75 GeV, less than 20% of that of the ground state in the comparable energy range.
To search for the excited cascade resonances, the re-
has been studied. The main contributing background process is − production because of the consequent decays − → π − , and the missing particle from the K + K + π − system would be the (Fig. 9 , top right). It is interesting to note that the − signal reconstructed from the π − invariant mass (Fig. 9 , bottom right) has a much better resolution (σ ∼ 3 MeV/c 2 ) than that obtained using the missing mass technique (Fig. 2 , σ ∼ 7 MeV/c 2 ). The − mass, as determined by the π − invariant mass, is 1.3224 GeV/c 2 , consistent with that identified from the reaction γp → K + K + (X) via missing mass. However, the statistics are much lower owing to the low acceptance for the negative pion (around 10%). Therefore the − cross-section results were extracted only by using the γp → K + K + (X) reaction. In addition, events with the π − coming from decay remain part of the background. To suppress this background, the vertex position from the π − is required to be within the target area because of the weak decay of the . If an additional proton is detected and the pπ − invariant mass falls close to the region, the event is removed from the final data sample.
The K + K + π − events with an additional π + detected (about 20% of the total K + K + π − events) are used to estimate the background, which is typically associated with those events where a π + or proton is misidentified as a K + . [Reactions such as γp → K + (1520), (1520) → π π/ π can all contribute to this background.] This empirical background peaks around 1.2 GeV/c 2 in the K + K + π − missing mass spectrum, slightly overestimates the right shoulder of the peak, and in general describes the data well near the 0 peak (Fig. 9, left) . The non-0 event background is also explored by investigating those events originating from outside of the target, which are less likely to be associated with the − * production. The results are qualitatively the same.
Finally, about 270 0 events can be identified from the K + K + π − missing-mass spectrum in addition to the dominant signal (Fig. 9, left ). The 0 events are then kinematically fitted by using the nominal 0 mass of 1.3148 GeV/c 2 . The final M( 0 π − ) spectrum is shown in Fig. 10 , where the − (1530) is visible. For those events that are associated with non-0 -production, events with low confidence level (CL < 10%) are used to study the background. The background obtained is included in the fit so that the total number of non-0 events are within 10% of the expected number of events. Using other methods to estimate this background as discussed earlier, and also side-band events, yields similar results.
However, it should be pointed out that reactions such as .05 1.1 1.15 1.2 1.25 
V. 0 MASS AND THE DOUBLET MASS SPLITTING
The mass of the 0 , identified from the reaction
, is measured to be 1316.9 ± 0.6 ± 1.2 MeV/c 2 , which is higher thatn the PDG value of 1314.83 ± 0.2 MeV/c 2 [2] . The systematic uncertainty of 1.2 MeV/c 2 is derived from the dependence on the kinematic variables such as the 0 laboratory angles. The doublet mass splitting can then be derived to be 5.4 ± 1.8 MeV/c 2 , consistent with the PDG value of 6.48 ± 0.24 MeV/c 2 . If the decay products of the 0 are detected, the mass can be determined from invariant mass instead of missing mass, and this may lead to a better measurement of the doublet mass splitting. However, it is impossible to achieve with the current statistics.
VI. DISCUSSIONS OF *
Among the lighter cascade resonances, the (1620) is a controversial state that has only been reported in the π channel, with very limited statistics; it is assigned only one star in the most recent PDG [2] . The reported mass, between 1600 and 1630 MeV/c 2 , seems to be too low for the second excited cascade resonance according to the constituent quark model [23] . Earlier evidence [24] [25] [26] has poor statistics. On the theoretical side, some dynamic models [27, 28] have predicted a possible cascade resonance in the region of 1600 MeV/c 2 . In the framework of a unitary extension of chiral perturbation theory [27] , the (1620) emerged in the π invariant mass with a width around 50 MeV/c 2 , and it is assigned to an octet together with the N * (1535), the (1670), and the (1620). These models clearly contradict the constituent quark model [23] . As for the (1690), although it has recently been reported in the π channel [29] , it has mostly been observed in the / K − decay, which has very low acceptance in the current experiment.
In the two reactions reported here, there is no substantial signal for any excited cascade state beyond the − (1530). In the reaction γp → K + K + (X), although the presence of the − (1530) is indubitable in the spectrum (Fig. 2) , the data are consistent with background fluctuations in the − (1620) and the − (1690) regions. However, the absence of signals does not rule out the existence of these resonances, since it is likely that their production rate is too low to be observed owing to the low photon energies and limited acceptance in our experiment. − (1620) resonance, it is not possible to determine its exact nature without a full partial-wave analysis, because of the very limited statistics. This limitation will be addressed by a future, higher energy photon experiment using a hydrogen target that is currently planned in CLAS at Jefferson Laboratory [30] .
